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SUMMARY

The effects of propeller operation on the static longitudinal
stability of single—engine tractor monoplanes are analyzed, and a simple
method is presented for computing nower—on pitching-moment curves for
flap—retracted flight conditions. The methods evolved are based on the
results of powered-model wind—tunnel investigations of 28 model configu—
rations. Correlation curves are presented from which the effects of
power on the downwash over the tail ‘and the stabllizer effectiveness can
be rapidly predicted. The procedures developed enable prediction of
power—on longitudinal stability characteristics that are generally in
very good agreement with experiment.

INTRODUCTION

The prediction of the effects of propeller operation on the static
longitudinal stabillity and control characteristics of single—engine
tractor alrplanes has been the obJect of many investigations. Successful
methods have been developed for estimating the direct propeller forces
and the effects of slipstream on the wing—fuselage characteristics
(references 1 to 4). Attempts to predict the complex changes in flow
at the tall plane, however, have been somewhat less successful, primarily
because many of the early researchers were hindered by Insufficlent
experimental date for developing methods of proven general applicability.

During the war years an eppreciable amount of experimental data
pertaining to power effects on static longitudinal sgtability was obtained.
An analysis of these data suggested the possibllities of a semiempirical
epproach to the problem of determining the effects of power on the tail
contribution to stability. This approach has been followed In the
present paper and a simple, rapld method for determining the effects of
power on the tall contribution is presented. TUse of the procedures
developed permit the accurate prediction of power—on longitudinal
stability and trim characteristics. No analysls has been made for the
flap—deflected condition. -
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SYMBOIS

Cy, 1ift coefficient

Cn pitching-moment coefficlent )

Cmg average section pltching-moment coefficient about
aerodynamic center fo; wing sectlion immersed in
slipstream

T, thrust coefficient (223399)

N oV2p2

Tc.A . thrust coefficient corresponding to power—off 1ift
coefficient

AT, Increment of thrust coefficlent from power—off condition
to a specified power condition

-V alrspeed, feet per second

p alr density, slugs per cubic foot

s? propeller disk area, square feet

S area of wing or tail, square feet

b _ span of wing or tail, feet

b! propeller—blade section chord, feet

D propeiler dlameter, feet

R propeller radius, feet

r radius to any propeller blade element, feet

Cy wing mean aerodynamic chord, feet

Cp wing root chord at plane of symmetry, feet

cy wing chord.at breek for wings having composlite plan
forms, feet

Ct wing chord at theoreticel tip, feet

Cyr wing chord at spanwise station 0.50R or O.75R from airplane

center line, feet
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wlng aspect ratilo
wing taper ratio (ct/br for wings having linear taper)

distance from reference center of gravity to thrust line
measured perpendicular to thrust line (positive
when c¢.g. is above thrust line), feet

distance from reference center of gravity to propeller
center line measured parallel to thrust line, feet

distance from reference center of gravity to elevator
hinge 1ine, feet

distance from elevator hinge line to thrust line
measured perpendicular to thrust line (positive
when elevator hinge line is above thrust line), feet
angle of attack, radisms unless otherwise denoped
propeller blade angle, degrees

gtebilizer setting with respect to thrust line (positive
when trailing edge is down), degrees

elevator setting with respect to chord line of stabilizer
(positive when tralling edge is down), degrees

effective angle of downwash at horlzontal tall, degrees

increment of power—off downwash at horizontal tall from
zero 1ift downwash, degrses

power—off downwash angle at zero 1lift

derivative .of propeller normel~force coefficient with
respect to angle of inclination of thrust. 1ine in
radians

value of Cytw for T, =0

abbreviation for propeller side~force factor

1.0
109 b _ o\ 4T
(32 o.2 D st (B~ Po.7om + & ) dR)

retio of CY'w to Ggrﬂr
o

ratio of Cwa for power—off value of T, to GYHy
. o
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F empiricel taper—ratio factor

)

d
Rg ratio of power~on stabilizer effectiveness (d.
Y

o

1g
to power—off stabillzer effectiveness (Tcm>
t

=)
P

IE%

R ratio of power—on elevator effectlveness

[y

i

to power—off elevator effectivensss (%)
. ¢/
A change In a quantity due to power
Subscripts:
T thrust line
© elevator
t horizontal tail
P propeller
P power on
o power off
v wing
wf wing—fuselage cambingtion
i immersed In slipstream

BASTS OF ANALYSIS

The method of computing power—on pitching moments which is
outlined herein is based on the assunption that power—off (prope]_'l.er—
off or windmilling) pitching-moment and 1ift data are available for at
least two stabllizer settings and with the tall off. The accuracy
with which the effects of power on the tall contribution to stabililty
can be predicted is dependent on the basic power—off date, and when
posslble these data should be obteined from wind—tumnel tests.
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When power—off wind—tumnel date are not availsble for use in preliminary
design, the power—off characterlstics may be estimated by use of references 5
to 11. The wing mean serodynamic chord snd aerodynamlc center msy be found
by the method presented in reference 5. The lift-curve slope, angle of zero
1lift, and piltching-moment characteristics of the wing may be computed by use
-of references 6 and 7. The effect of the fuselage on the wing—fuselage
pitching moments may be determined by Multhopp's method {references 8
and 9). A satisfactory spproximation of the horizontal—tail effectiveness
can be obtained when the isolated horizontel—tall effectiveness found by the
method of reference 10 is multiplied by a factor of 0.9.

The variation of power—off downwash wilth angle of attack computed by
use of the charts of reference 11 generally wes found to agree falrly well
with the variation of effective downwash with angle of attack obtained
from wind—tunnel data when the computed downwash was multiplied by a
factor of 0.9 for all conditions for averagling downwash across the tail
gpan instead of the factors obtained from figure 21 of reference 11. The
abgolute angle of downwash computed by use of the charts of reference 11
had to be adJusted, of course, so that this angle would agree with the
. test downwash angle at zero 1ift. This adjustment was necessary since
an sppreciable smount of effective downwash was found to exlst at zero
1ift chiefly as a dlrect result of local flow angularity at the tail
caused by the flow pattern over the rear of the fuselage. This downwash is
often difficult to predict accurately. Neglecting the downwash at zero
1ift, however, will not affect the baslic longitudinal stability or the
estimated power effecte but will alter only the trim characteristics.

The experimental data upon which the results of thls paper are based
were obtained from wind—tumnel investigations of powered models of specific
military airplanes. In figure 1 two vliews of each model and Iin table T
the geometric characteristics of the configurations used are presented.
Mogt of the models were tested in the Langley T— by 10—foot tumnel at an
effective Reynolds number of epproximately 1.6 X 10°., The power—off data
were obtelned with the propeller windmilling at a value of T, & -0.015.
Models 25 to 27 were tested in the Ameg T~ by 10—foot tumnel at an
effective Reynolds number of approximately 2.0 X 106. The basic power-
off data used for these latter models were obtained with the propeller
removed.

METHOD OF ANALYSTS

In the following discussion the individuel component effects
contributing to the over—all power-on sgtatic longltudinal stability are
treated separately and approximate formulas are developed for estimating
these effects.
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Effect of Power on the Wing-Fuselage Cheracteristics

Direct propeller effects.— The lncrement of 1ift coefficient
contrlibuted by the direct propeller thrust due to the incl:tng.tion of the
thrust line (the 1ift component of the normel force which is usually small
being neglected) is given by the following equation:

A%=Tc%25m% (1)

The Incremsnt of pitching-moment coefficient contributed by the
propeller as a direct result of the thrust end the normal forces is given
by the following equation, which was developed from equation (5) of
reference 1:

1
ACmP=:§;wL[§‘E—ATc+(f"fo)OY‘¢O (GT+%%>‘5—§] (2)

vwhere a, 1s the absolute angle of attack (radians) of wing fram zero

1lift. Figures needed for use in equation (2) have been reproduced from
reference 1 and are presented as figures 2 to 5. The term f — fos

obtained from figure 2, is the difference in cg,w/oy: y  for power—on
o

end power—off conditions. It should be noted, however, that f, =0
when power—off data are obtained with the propeller removed. The
term Cy1 v obtained from figures 3 and 4, is the normal—force

o

derivative; figures 3(a) and 4(a) are for low-speed propellers having
thick, cambered blades; figures 3(b) and 4(b) are for high-speed
propellers having thin, wide blades; plan—form curves of propellers on
which figures 3 and U4 are based may be found in figure 4t of reference 1.
The term de/da, +the upwash factor, is obtained from figure 5.

Slipstream effect on wing—fuselage characteristics.— The method
most wldely used for computing the increase in wing 1lift due to the
sllpstream is given by Smelt and Davies 1n reference 3. This method
requires several successive approximations, however, to obtaln final
power—on 1lift coefficients when T, varies with Cp. An approximate
formula hag been developed which is shorter than that of reference 3
and which requires only a single estimation to obtaln the final
value of ACI.W3 thus an appreciable amount of computing time is saved.

This equation is given by
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>
ACy,, = 0.5TT, Cr,_ %WE ]s)_w (3)

where c¢,, 1s the wing chord at spa.ﬁwise statlon O.75R from airplane center
line for wings behind single rotating propellers or 0.50R for wings behind
dual rotating propellers.

Very close agreement is shown between the values given by equation (3)
and two approximations computed by the method of reference 3. (See fig. 6.)
Somewhat less agreement 1s shown between the values glven by equation (3)
and test data (fig. 7). The scatter shown can be attributed to the
idealized assumptions in the theory of reference 3 and the experimental
inaccuracy of the test data. The effect of propeller tilt on ACLw is

small as shown by reference 12, the data of model 24, and other wmpublished
data and may be neglected for tilt angles up to at least 5°.

The effect of the slipstream on wing pitching moments is small in
soms cases, but 1t may be relatively large in others. This pitching—moment
increment is obtained from equation (5) of reference 2 and is given as
follows:

cuy Py, Oy acy\ | |
Do = omg 7 S Fe ¢ ()| oo, e
. ¥E o
where
Cmge average section pitching-moment coefficlent about
aerodynamic center for part of wing immersed in
; slipstream
span of wing immersed in slipstresm (taken as 0.9D)
i
cwi average chord of wing immersed in slipstream
ac
’ <d—0% rate of change of wing-fuselage pitching-moment
wE |, coefficient with 1ift coefficient (propeller off)
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Effect of Power on the Tail Contribution to Stability

Change in downwash angle due to power.— The downwash at the tail

plene with the propeller removed is known to be chiefly dependent upon
the wing 1ift coefficient and the location of the tell with respect to
the wing vortex system. When a propeller 1s added In front of the wing,
many complex changes in flow occuxr which affect the downwash over the
tall; but the chief effects are probably caused by the increase in

wing 1ift coefficient and altered wing span load distribution brought
about by the passage of the propeller slipstrezm over the wing. Although
appreciable downwash may exist behind an isolated propeller-at an

angle of attack, large changes in the inclination of the thrust line
(at constant wing angle of attack)-were found (reference 13) to cause
practically no change In effective downwash at the tall when a wing

was located betwsen the propeller and the tall. With the foregoing
discussion as & basis the followlng simpliflied semlempirical approach
was used to derive a parsmeter with which to correlate experimental
downwash changes due to power.

Downwash angles were camputed for several models for which
extensive constant thrust date were available. When Ae¢ was plotted
against T, at various angles of attack, A¢ was found to be a
function of both T, and a. This relationship seemed logical for
the increase in wing 1ift with power, and any resultant span—load
changes would also depend on T, and a3 however, ¢' was believed
to be a better factor than o for use in the correlation lnasmuch
as €' usually variles linearly with o wup to falrly high 1ift
coefficients and also depends on tail location. The assumption was
made that a tail well out of the power—off maximm downwash field
would also be favorably located in the power—on downwash field for
configurations within the range of geametry of the models presented..

Model 17, which has an untapered wing, showed a considerably larger
increase in € with the gpplication of power than elther model 13 or
model 16, which had identical ta.il and fuselage geametry but rather
highly tapered wing plan forms. 'The power—off downwash angles were
considerably less for the model with the untapered plan form, but the
downwash for all three wing plan forms could be accurately computed
from the charts of reference 11. With power, however, the.downwash
angles for models 13, 16, and 17 were much closer to the same value.

According to 1ifting—line theory the downwash behind a wing of
arbitrery plan form in a uniform air stream (at a given tail location
and 1ift coefficlent) depends only on the span load distribution along
the wing. Wing taper ratio has a significant bearing on the span load
distribution and hence the downwash at the tall, the downwash increasing
with wing taper. The data of reference 1i show that the slipstream
alters the span load distribution by increasing the loading over the
inboard part of the wing. Since the greatest change in downwash with
taper occurs for values of A mnear unity, a wing of rectangular plan form
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might be expected to be more susceptible to thls Induced taper effect
and show the largest change of downwash angle with power. The experi—~
mental results of models 13 and 17 agree with the foregoing assumptions;
however, further substantiation would be desirable.

An empiricael factor F (fig. 8) which is a fimction of wing taper
ratio wes derived fram the date of models 13, 16, 17, end other models
wilth similar tail geometry to account for Induced taper effects. The
taper ratio for wings of composite plan form may be satisfactorily
estimated by use of an equivelent-root chord c,.*, &s-shown In the sketch
in figure 8.

A plot of the paremeter (Mc)e'F against the experimental Ac

obtained from stebilizer end tall—off wind—tunnel data for 28 model
configurations 1s shown in figure 9(a). The dash—line curves in the .
figure Indicate the approximate accuracy of determining downwesh engles
from complete—model wind—tunnel data. The cerrelation of test points
indicates that the parameters selected account for the first—order
effects of power rather well. The solid-line curve indicates the
suggested curve for use in design and is reproduced in figure 9(b) with—
out experimental test data. .

Note that figure 9(b) indicates no change In Ae attributable to the
+11t of the propeller thrust axis. The data of model 24 and other unpub-
lished data show that changses in Ae¢ wilth tilt are small and rather
inconsistent and the effect of +tilt (at least for tilt angles up to 50)
can be satisfactorlly estimated from consideratlions of direct thrust
effects and changes in stabilizer effectiveness.

Change in stabllizer effectiveness with power.— The glipstream is

congiderably distorted in the region of the horizontel tail, and
1dealized theoretical methods which agsume & cylindrical slipgtream at
the tail do not always produce a satlisfactory estimate of the changs

in dynsmic pressure. at the tail associated with the application of power.
Ag was true for the downwash correlation, a semlempirical approach was
followed to derive a method for predicting the change in stabilizer
effectiveness wilth power.

The ratio of power—on to power—off stabllizer effectiveness Ry

was assumed to be dlrectly pioportionel to AT, and the ratio of the
propeller diameter to tail span. A maximum value of Ry was also assumed
to be attained for the tall located on the thrust line with a linsar
decline in Ry occurring until a value of unity is reached for a tail
location 1 propeller dilemeter above or below the thrust line. Experimental
points were plotted agalnst the paramecers suggested by the foregolng
assumptions (fig. 10) and the following relationship was obtained:

Ry = 1.0 + 2.1 [(ATC) o <1 - J—%—‘} (5)
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The dash—line curves in figure 10 indicate the approximate limits of
accuracy of determining R; from wind—tunnel test data, and essentially

all the test points fall within these limits.

Change in elevator effectiveness with power.— Inasmuch as most
alrplanes utillze the elevator for longitudinel control, it is apparent

d
that the increase in elevator effectivensess d_(;m wlth power will influence
-]

the determination of the final power—on stebility and trim characteristics
of the alrplene. An analysis was made to determine the possibility of
correlating Ry in a mamnmer similar to the foregoing correlation of R¢.
The results of this analysis were less consistent than the results obtained
with the correlation of Ry, probably for the most part because of
appreciable scale effects on gome of the model elevator data and the
reduced accuracy possible in setting the elevator—deflection angles. For
full-span elevators when estimated power—on elevator data are desired,
however, it may be assumed in most instances that Re = Rg.

Camputation of Power—on Lift and Pitching-Maoment Coefficilente

Power—on wing—fuselage 1ift coefficlent.— The final power-on wing—
fuselage 1ift coefficient is given by

(rat)y = (), * (82), + ®

In order to arrive at a value of (Cwa) from equation (6), the
p

following procedure 1s recammended for conditions where T, varies
with Cp: The increment of the wing 1ift coefficient due to power is

first evaluated by equation (3). The second-appro tion of the increment
of 1ift coefficient contributed by the propeller ACLP)2 is obtained by

computing a first approximation (ACLP) by equation (1) with values
1

of Tg corresponding to (Cwa) +ACLWS the second approximation is
o

then obtained by use of equation (1) with values of T, corresponding
to (CLw—f)o + ACT . + (AGLP)]_‘ The second spproximstion will usually

give a value of (Cwa) such that further approximstion will be
D

unnecessary .
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Power—on wing—fuselage pitching-moment coefficients.— The final
power—on wing-fuselage pitching-moment coefficient 1s given by

(o), = (Cowe), + A%mp + ACn, (n

The terms ACm, and ACy ~ are found from equations (2) and (4), with
velues of T, based on (CI ) as given by equation (6).

Power—on taill pitchlng-moment coefficient.— The computation of the

power—-on tail plitching-moment coefficient msrely consigte of adding the
increments produced by the altered downwash at the taill and increased
tail effectiveness to (Cm'b) 3 this coefficient is given by

o)

(0, = =e(0n), =2 (e @

Power—on camplete—model pitching-moment and 1ift coefficlents.—

The final power—on complete—model pltching-moment coefficlent is given
by adding equation (7) and equation (8) as follows:

my = (Cmar), + (Cme), (©)
Inasmuch as

(O
( t) 1y /cw

(10)

the final power—on complete—model 1ift coefficlent is given by
adding equation (6) and equation (10) as follows:

ot~ (), * (5 &
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L]
I1lustrative Example

A detailed step-by—step procedure for computing power—on 1ift
coefficlents and pitching-moment coefficients for model 21 is presented
in table IT. The sample calculations in table IT illustrate the use
of the equations presented In this paper and give the pertinent
congtants and column headings in a convenlent form for gemeral application
to design. The data from which these estimations were made and the final
computed power—on characteristics are presented in figures 11 and 12.
Model 21 was chosen as an example because, although the individual
component effects of power were not small, the design varlables were
such that the adverse effects were counteracted by the favorable effects
and thus a very smell over—all change in stabllity with power resulted.
Calculations for models 13 and 15 were also made to show that the change
of power effects attributable to raising the horizontal tail and
increasing its area can be accurately -predicted. The basic data and
estimations of power effects for these models are presented in figures 11,
13, and 1bh.

The computed results for all three models show very good agreement
with the test results.

DISCUSSION

The range of the most pertinent geometric variables for the models
used in this paper are presented in table ITI. The correlatlon curves
of figures 6, 9, and 10 are believed to be valid at least between the
limits given in +able IT1i. No data on powered models with apprecidble
wing sweep. were available; consequently, the effect of sweep could not
be included in the correlating parameters.

Wind—tunnel data on personal—type airplanes were not avallable for
use in the correlations, and the applicebllity of the curves in
figures 9 and 10 to this type of design is dependent on a mumber of
Pactors. Although the models used in the present correlation represent
highly powered fighter—type airplanes, the correlation curves were
found to be valid for medium power conditlons on the fighter—type
alrplane models also. An estimate of the varlation of T, with Cy

for several typical single—engine personal—type alrplanes showed that the
thrust coefficients for maximum rated power for these alrplanes fell in
the range of thrust coefficients for the medium power conditions on the

Tlghter—type alrplanes.

The range of wing vertical positions relative to the slipstream,
and the ratio of the slipstream diasmeter to the wing span might be
expected to be considerably different for -military and personal—type
airplanes, and these differences could have a significant bearing on
the magnitude of the power effects.
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A1l models presented -herein have a wing location that placed the
wing well within the slipstream. The increment of wing 1lift due to the
slipstream derived from the data of reference 15 does not vary
appreclably with wing height for wing positions 0.3 propeller dlamster
above and below the thrust line when the propeller is more than 0.3 root
chord ahead of the wing leadlng edge. The range of wing vertical positions
for the models presented herein is 0.165 and 0.176 propeller diameters
above and below the thrust line, respectively, and the propellers are
more than 0.3 root chord ahead of the wing leading edge; thus the range
falls within the limits of wing and propeller locations where computed
values of ACLW would be expected to-be valid.

Generally, the diameter of the propeller relative to the wing span is
gmaller for personsl-—type alrplanes than for fighter—type airplanes.
Model 24 has & relative propeller diameter approximately the ssme as for
the personal—type alrplanes consldered, but the other models used in the
correlations had larger relative propeller dlasmeters. No definite
conclusions can be made regarding the effect of relative propeller size
because of insufficient data. In most instances, the methods outlined
in the present paper should be satisfactory for computing the first—
order effects of propeller operatlion on personal-type single-engine
tractor airplanes.

OPTIMUM DESIGN CONSIDERATIONS

The design conflguration usually conslidered optimum when satisfactory
handling qualities of alrplanes are considered 1s that which exhibits no
change in longltudinal stablllity characteristics upon the epplication of
power. Many desglgn parameters affect the longitudinal stabllity both
adversely and favorably, and defining a definite method by which to design
sn alrplane with no power effects is difficult. Often considerations
other than aserodynamic determine the final geomstry of a design. In view
of this fact and the rapidity with which the power effects of a specific
configuration can be computed by the method of the present peper, each
proposed. design should be examined for power effects, and an optimum
configuration {minimm power effects) should be attained by a process of
rational modification to the original design.

Lengley Aeronautical Laboratory
National Advisory Committee for Aeronsutics
Langley Field, Va., July 13, 1948
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NACA TN No. 1722 19
. TABLE ITT.— RANGE OF GEOMETRIC CHARACTERISTICS
OF MODEIS INCLUDED IN CORRELATION
Range
Geametric parameter
From To
Wing aspect ratio 5.17 6.8 .
(model 20) | (model 19)
Wing taper ratio 0.275 1.00
(model 19) | (model 17)
Propeller diameter 0.217 0.354
Wing span (model 24%) | (model 20)
Height' of tail above thrust line 0.413 —0.0k42
Propeller diameter (model 15) | (model 11)
Tail span 0.523 0.322
Wing span (model 3) (model 19)
Tail length 2.008 4,09
Mean aerodynamic chord (model 1) (model 9)
Height of thrust line above wing root chord ‘' 0.165 -0.176
Propeller dismeter (model 22) | (model 23)
Distance of propeller ashead of wing root chord 0.490 0.906
Root chord. (model 13) | (model 21)
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For wings having composite plan form
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Change in downwash angle due to power, A€ , deg
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